CD19, a B cell-restricted receptor critical for B-cell development, is expressed in most B-cell malignancies. The Fc-engineered anti-CD19 antibody, XmAb5574, has enhanced Fc␥ receptor (Fc␥R) binding affinity, leading to improved Fc␥R-dependent effector cell functions and antitumor activity in murine xenografts compared with the non-Fc-engineered anti-CD19 IgG1 analog. Here, we use XmAb5574 and anti-CD19 IgG1 to further dissect effector cell functions in an immune system closely homologous to that of humans, the cynomolgus monkey. XmAb5574 infusion caused an immediate and dose-related B-cell depletion in the blood (to <10% of baseline levels) concomitant with a sustained reduction of natural killer (NK) cells. NK cells had fully recovered by day 15, whereas B-cell recovery was underway by day 57. B cells in secondary lymphoid tissues were depleted (to 34%-61% of vehicle), with involuted germinal centers apparent in the spleen. Anti-CD19 IgG1 had comparable serum exposure to XmAb5574 but demonstrated no B-cell depletion and no sustained NK-cell reduction. Thus, increasing Fc␥R binding affinity dramatically increased B-cell clearing. We propose that effector cell functions, possibly those involving NK cells, mediate XmAb5574 potency in cynomolgus monkeys, and that enhancing these mechanisms should advance the treatment of B-cell malignancies in humans. 
Introduction
CD19 is a B cell-restricted signal-transducing cell-surface receptor present on most B cells from the earliest stages of pre-B-cell development until terminal differentiation into plasma cells. 1, 2 A critical role for CD19 in B-cell development and activation has been established using CD19-deficient mice. Such mice fail to develop a proper immune response after antigen challenge, exhibit decreased B-cell numbers in the periphery and in lymphoid tissues, lack germinal center (GC) formation, and have decreased serum immunoglobulin (Ig) levels. 1, 3, 4 Furthermore, anti-CD19 antibodies effectively deplete peripheral B cells in transgenic mice expressing human CD19 and block malignant B-cell growth in murine xenografts. [5] [6] [7] With the exception of multiple myeloma, 8 CD19 is expressed in nearly all non-Hodgkin lymphomas and many leukemias. 9, 10 Several anti-CD19 antibodies have been evaluated in the clinic for the treatment of such diseases, including unconjugated antibodies, 11, 12 antibody-drug conjugates, 13, 14 and bispecific antibodies targeting CD19 and CD3. 15, 16 Despite the attractiveness of CD19 as an immunotherapeutic target for the treatment of B-cell malignancies, the results with patients have been mixed. Thus, the challenge remains to optimize anti-CD19 antibodies to achieve improved clinical outcome.
The potency of immunotherapeutics depends on multiple mechanisms of action, including those mediated by effector cells expressing Fc␥ receptors (Fc␥Rs). 17 Fc␥Rs in turn have activating or inhibitory functional roles and differ in their distribution among effector cells. Monocytes, macrophages, and neutrophils express both activating and inhibitory Fc␥Rs, whereas natural killer (NK) cells solely express the activating Fc␥RIIIa. 18 Disabling the activating Fc␥Rs by deletion of their common ␥-chain in mice severely reduced both the B cell-depleting activity of anti-CD20 (rituximab) and the tumor-killing activity of anti-HER-2/neu (trastuzumab). 19, 20 Studies of human genetic polymorphisms have demonstrated a relationship between increased Fc␥R affinity for the immunotherapeutic and improved clinical outcome. For example, lymphoma and breast cancer patients expressing the higher affinity Fc␥RIIIa-158V allele exhibited improved progression-free survival compared with patients expressing the lower affinity 158F allele when treated with rituximab or trastuzumab. 21, 22 Together, these human and murine data substantiate the importance of immune effector-mediated mechanisms in the efficacy of immunotherapeutics.
Amino acid-and glyco-engineering of the antibody Fc domain are 2 ways to improve effector cell functions. 23 Fc engineering has improved Fc␥R affinity for several antibodies, resulting in significantly enhanced antibody-dependent cell-mediated cytotoxicity (ADCC) and antibody-dependent cell-mediated phagocytosis (ADCP). [24] [25] [26] [27] [28] We recently described an Fc-engineered anti-CD19 antibody (XmAb5574) with increased Fc␥R binding affinity, which resulted in improved ADCC and ADCP, and increased antitumor efficacy in murine xenografts. 29 Importantly, these functional activities were significantly enhanced relative to the non-Fc-engineered anti-CD19 IgG1 analog (with the same Fv domain as XmAb5574, but retaining the native human IgG1 Fc).
XmAb5574 and anti-CD19 IgG1 are useful tools that permit further elucidation of the contribution of effector cell mechanisms to antibody potency. To date, our knowledge of these mechanisms in vivo has been primarily obtained from murine studies. However, extrapolation of murine data to the human setting is constrained both by the extensive use of immunocompromised mice and by the divergent nature of the murine and human immune systems.
Furthermore, one would not use anti-CD19 IgG1 alongside XmAb5574 to study effector cell functions in humans. We think that the nonhuman primate represents the most relevant immune system and accessible test species to dissect the mechanism(s) of effector cell functions and optimize immunotherapeutics for human use. Here, we report that XmAb5574 administration to cynomolgus monkeys caused a dose-dependent, rapid, and extensive clearing of peripheral B cells as well as a reduction of B cells in the lymphoid tissues. A transient reduction in peripheral NK-cell levels concomitant with the maximal rate of B-cell loss was also observed. In contrast, an equal dose of anti-CD19 with the native IgG1 Fc domain had no effect, clearly demonstrating that Fc engineering XmAb5574 for high-affinity binding to Fc␥Rs increased the potency of anti-CD19-mediated B-cell depletion.
Methods

Antibodies and Fc␥Rs
XmAb5574, its IgG1 analog (anti-CD19 IgG1), and an XmAb isotype control antibody (including the same Fc as XmAb5574, but with the Fv from antirespiratory syncytial virus) were generated as described previously. 29 The anti-CD20 antibody rituximab was obtained from RxUSA (Port Washington, NY). Cynomolgus monkey (Macaca fascicularis) Fc␥R proteins were constructed using gene synthesis as C-terminal His-and GST-fusions based on publicly available sequences (GenBank accession numbers AAL92095 for Fc␥RI, AAL92096 for Fc␥RIIa, AAL92097 for Fc␥RIIb, and AAL92098 for Fc␥RIII), 30 expressed in 293T cells, and purified by standard methods.
Binding to cynomolgus monkey B cells, peripheral lymphocytes, and Fc␥Rs
The cynomolgus monkey B-cell line 25136 was a generous gift from Dr Michael McChesney at the University of California, Davis. Cells were incubated with 1 g/mL allophycocyanin (APC)-conjugated antibody J3-119 (APC J3-119; Beckman Coulter, Fullerton, CA) and increasing doses of XmAb5574, anti-CD19 IgG1, or XmAb isotype control antibodies. After a 1-hour incubation, cells were washed and fixed. Binding was measured via flow cytometry using a FACSCanto II (BD Biosciences, San Jose, CA). Dose-response competition curves were fit with a 4-parameter logistic model using SoftmaxPro version 5.2 (Molecular Devices, Sunnyvale, CA) to calculate the 50% inhibitory concentration (IC 50 ). IC 50 values are reported as the mean (Ϯ SD) of the 4 independent experiments.
Cynomolgus monkey blood was obtained from 5 individual animals (Alpha Genesis, Yemassee, SC) and blocked using an unrelated antibody with the same Fc-engineered changes as XmAb5574 to minimize Fc␥R interactions. Blood samples were split; one aliquot was mixed with fluorescein isothiocyanate (FITC)-conjugated XmAb5574 and APCconjugated anti-CD20 (APC-anti-CD20), and the second aliquot was mixed with FITC-anti-CD19 IgG1 and APC-anti-CD20. After a 2-hour incubation, red blood cells were lysed, and the samples were washed, fixed, and processed for flow cytometry using a FACSCanto II. Analysis was done by gating onto live lymphocytes, and results were expressed as percentage labeled cells against the total lymphocytes. Two APC-anti-CD20 profiles were collected for each blood sample; the precision for the repeat measures ranged from 0.6% to 1.4% between the 5 samples.
Binding to cynomolgus monkey Fc␥Rs was determined using Biacore analysis as described previously for human Fc␥Rs. 29 
Drug treatment and study designs
Cynomolgus monkey studies were conducted at SNBL USA (Everett, WA) according to their standard operating procedures, and all protocols were approved by the SNBL USA Institutional Animal Care and Use Committee. Study designs are described in Table 1 . All studies used naive cynomolgus monkeys, 3 to 5 years old and weighing 2.5 to 4.5 kg; animals were acclimated to the study rooms for 21 days before study initiation. XmAb5574 and anti-CD19 IgG1 were formulated in 10 mM sodium phosphate, 150 mM sodium chloride, and 0.01% polysorbate 20 (pH 7.0). Treatments were administered as single 1-hour intravenous infusions to the left saphenous vein.
Blood and tissue collection and analysis
Blood draws were taken from the cephalic or femoral veins. Samples were collected predose and throughout the duration of each study and processed to serum for bioanalysis or analyzed using flow cytometry for CD20 ϩ CD3 Ϫ B-cell enumeration, CD20 Ϫ CD3 Ϫ NK-cell enumeration (study 1), and CD16 ϩ CD3 Ϫ NK-cell enumeration (study 2). The majority of NK cells (Ͼ 93% in nonhuman primates) are encompassed by the CD20 Ϫ CD3 Ϫ and CD16 ϩ CD3 Ϫ populations. 31 Bone marrow aspirate was collected from the humerus before necropsy, and spleen and inguinal lymph node samples were collected after necropsy. All samples were analyzed as per Table 1 .
Immunophenotyping was performed on all samples using cynomolgus monkey cross-reactive mouse monoclonal antibodies against CD3, CD16, and CD20 (BD Biosciences). Antibodies were added to the blood sample, incubated, and washed before flow cytometric analysis. Tissue aspirates were minced, strained, and washed before immunostaining. Additional washing steps were included before incubating with anti-CD16 to remove competing XmAb5574. Samples were analyzed on a FACSCalibur flow cytometer (BD Biosciences). Analysis was done by gating onto live lymphocytes and 20 000 events were captured. The absolute counts of the individual lymphocyte populations (CD20 ϩ CD3 Ϫ , CD20 Ϫ CD3 Ϫ , CD16 ϩ CD3 Ϫ ) were expressed as a percentage of predose baseline. The tissue lymphocyte subpopulations for samples from drug-treated cynomolgus monkeys were expressed as a percentage of the subpopulations derived from those treated with vehicle.
Representative tissue samples of the spleen and lymph node were fixed in 10% neutral buffered formalin and embedded in paraffin. The sectioned tissues were either stained with hematoxylin and eosin or with anti-CD20 (BD Biosciences) and examined using an Olympus BH-2 microscope (Olympus America, Center Valley, PA). Images were captured with a Leica DC300 camera using Image Capture Leica IM50 software (Leica Microsystems, Deerfield, IL). Images were processed using Adobe Photoshop version 6.0 (Adobe Systems, San Jose, CA).
Pharmacokinetic analysis of XmAb5574
Serum bioanalysis was conducted by Prevalere Life Sciences (Whitesboro, NY) using an enzyme-linked immunosorbent assay and appropriate standards and controls to quantify XmAb5574 in cynomolgus monkey serum. The lower limit of quantitation for the method was 20 ng/mL in undiluted monkey serum. This method was suitable to measure both XmAb5574 and anti-CD19 IgG1 in monkey serum. Pharmacokinetic interpretation was conducted using noncompartmental methods computed with WinNonlin 5.20 (Pharsight, Mountain View, CA).
Antidrug antibody assay
Serum bioanalysis was conducted by Prevalere Life Sciences using an electrochemiluminescent bridging immunoassay method conducted with the MSD platform (Meso Scale Discovery, Gaithersburg, MD). 32 The method uses a floating cutpoint established from naive cynomolgus monkey serum samples; samples that produce signal intensity equal to or greater than the cutpoint are scored positive. The sensitivity of the method, defined as the lowest concentration of positive control antidrug antibody (ADA) that consistently provides electrochemiluminescent signal above the cutpoint, was 31.3 ng/mL in undiluted serum. This method was suitable to detect ADA against both XmAb5574 and anti-CD19 IgG1.
Serum IgA, IgG, and IgM assay
A simple immunoturbidimetric method was used for the determination of serum IgA, IgG, and IgM. Samples were analyzed on an Olympus AU400 clinical chemistry analyzer (Olympus America).
Results
The aim of this work was to use the Fc-engineered anti-CD19 antibody XmAb5574 and its non-Fc-engineered analog (anti-CD19 IgG1) to evaluate the mechanistic consequences of Fc engineering on B-cell clearing in an immune system closely homologous to the human.
XmAb5574 binds to CD19 on cynomolgus monkey B cells and displays enhanced binding to Fc␥Rs
Cynomolgus monkeys were used for our studies because they have a similar immune system to humans and have been frequently used in the testing of B-cell modulators (eg, BR3-Fc, 33 anti-CD19, 34 anti-CD20, 35 anti-CD40, 36 anti-CD74, 37 and anti-CD154 38 ). Immunohistochemistry is traditionally used to determine the expression of a target antigen and the cross-reactivity to conserved epitopes between human and animal tissues. 39 We found that XmAb5574-specific staining patterns (including cell types stained, subcellular localization, intensity, and frequency) were similar for a panel of 19 cynomolgus monkey and human tissues, including spleen, bone marrow, and inguinal lymph node (data not shown).
To verify this cross-reactivity, we further evaluated XmAb5574 and the anti-CD19 IgG1 analog for binding to cynomolgus monkey CD19 on peripheral blood B cells. A cross-blocking study was done using a cynomolgus monkey B-cell line to measure the binding of XmAb5574, anti-CD19 IgG1, or XmAb isotype control (same Fc as XmAb5574 but with an unrelated Fv) to cell surface CD19 ( Figure 1A ). XmAb5574 and anti-CD19 IgG1 were equally effective in this study, demonstrating IC 50 values of 13 (Ϯ 3) and 11 (Ϯ 2) g/mL, respectively. Although we did not determine whether XmAb5574 or anti-CD19 IgG1 directly modulate cynomolgus monkey CD19, both antibodies displayed equal caspasedependent antiproliferative activity against human CD19-expressing cells when crosslinked using antihuman IgG. 29 To confirm CD19 binding in primary cynomolgus monkey lymphocytes, we obtained whole blood from each of 5 monkeys, treated it with fluorescently conjugated XmAb5574, anti-CD19 IgG1, and the anti-CD20 antibody rituximab, and measured the number of cells bound. XmAb5574 and anti-CD19 IgG1 both bound to the same percentage of lymphocytes as anti-CD20; mean Binding to cynomolgus monkey peripheral blood lymphocytes was assessed using whole blood samples from 5 individual animals. Blood samples were treated with fluorescently conjugated versions of XmAb5574, anti-CD19 IgG1, and anti-CD20 and analyzed by flow cytometry. XmAb5574 and anti-CD19 IgG1 bind CD20 ϩ lymphocytes. (C) Binding to cynomolgus monkey Fc␥Rs was determined using Biacore analysis, and affinities for each Fc␥R were plotted as the log of the affinity binding constant Ka. Results are the mean (Ϯ range) of duplicate experiments and demonstrate that XmAb5574 has increased affinity to all Fc␥Rs relative to anti-CD19 IgG1; enhancements ranged from 3-to 60-fold, with the largest increase seen for Fc␥RIIIa.
values (Ϯ SD) were 26% (Ϯ 5%), 27% (Ϯ 4%), and 26% (Ϯ 5%), respectively ( Figure 1B ). Given that B lymphocytes represent a similar percentage of the total lymphocytes in the blood (23% Ϯ 10%, n ϭ 63 cynomolgus monkeys), these data indicate that CD19 and CD20 have overlapping expression profiles and that XmAb5574 and anti-CD19 IgG1 bind equally to cynomolgus monkey B cells.
The Fc region of XmAb5574 contains 2 mutations (S239D and I332E) that increase affinity for human Fc␥Rs. 29 40 ; this high degree of sequence similarity suggested that the binding affinities might also be similar. The extracellular portions of the cynomolgus monkey Fc␥Rs were expressed as recombinant fusion proteins, purified, and used in Biacore-binding studies to determine their association with XmAb5574 and anti-CD19 IgG1. Fc engineering increased the binding of XmAb5574 to cynomolgus monkey Fc␥RI, Fc␥RIIa, Fc␥RIIb, and Fc␥RIIIa by 3-, 25-, 16-, and 60-fold, respectively, compared with the anti-CD19 IgG1 analog ( Figure 1C) . The binding affinities of anti-CD19 IgG1 for cynomolgus monkey Fc␥Rs were similar to those previously observed for human Fc␥Rs, and the degree of affinity enhancements obtained with XmAb5574 were comparable with those obtained for human Fc␥Rs. 29 Taken together, these results confirm the cynomologus monkey as an appropriate species for studying the effects of XmAb5574 and anti-CD19 IgG1.
XmAb5574 enhances B-cell depletion in blood and lymphoid tissues compared with the anti-CD19 IgG1 analog
To investigate the impact of Fc␥R binding on B-cell depletion, we compared the ability of XmAb5574 and anti-CD19 IgG1 to deplete cynomolgus monkey B cells. Cynomolgus monkeys were given a single intravenous infusion of XmAb5574 or anti-CD19 IgG1 (both at 3 mg/kg), or vehicle, and followed for 29 days (Table 1) . XmAb5574 caused a rapid and substantial clearing of peripheral B cells (CD20 ϩ CD3 Ϫ ), dropping to 30% of predose baseline levels 24 hours after administration and reaching a nadir of 6% on day 22. In contrast, animals treated with anti-CD19 IgG1 were indistinguishable from vehicle controls (Figure 2A) . Similar results were seen in lymphoid tissues, with XmAb5574-mediated B-cell depletion at day 29 being greatest in spleen (remaining B cells were 39% of vehicle), followed by bone marrow and lymph node (50% and 66% of vehicle, respectively; Figure 2B ). Again, anti-CD19 IgG1 had no effect on tissue B cells. To confirm that the apparent clearing of CD20 ϩ CD3 Ϫ B cells was not the result of reduced surface expression of CD20, samples were also probed with a second B-cell marker, CD40. In cynomolgus monkeys, CD20 and CD40 have a highly overlapping expression pattern on CD3 Ϫ B cells in the blood, spleen, and lymph nodes. 41 The CD40 ϩ CD3 Ϫ results duplicated those with CD20 ϩ CD3 Ϫ (data not shown).
The serum concentrations of XmAb5574 and anti-CD19 IgG1 were examined to determine whether the different B-cell clearing effects between the 2 could be attributed to differences in exposure.
After intravenous infusion, both antibodies cleared from serum in a biphasic manner ( Figure 2C ). XmAb5574 and anti-CD19 IgG1 had comparable distribution and elimination, indicating that the superior B-cell clearing effect of XmAb5574 was not the result of increased exposure. The calculated half-lives were 11 (Ϯ 1) days and 13 (Ϯ 2) days for XmAb5574 and anti-CD19 IgG1, respectively. ADA screening was conducted to determine whether ADA was affecting the pharmacokinetics or pharmacodynamics of the 2 antibodies. The results showed that 2 of 4 XmAb5574-and 1 of 4 anti-CD19 IgG1-treated animals mounted a weak antidrug immune response. However, ADA did not appear to alter the clearance of either antibody or inhibit the B-cell depletion induced by XmAb5574, anti-CD19 IgG1, or vehicle was administered as a single 3-mg/kg infusion (4 cynomolgus monkeys per treatment group). B cells were measured in the blood throughout the study (A) and in the blood, bone marrow, spleen, and lymph node on study conclusion, 29 days later (B). B-cell levels were assessed using flow cytometry with a CD20 ϩ CD3 Ϫ gate and expressed as the percentage of baseline (mean Ϯ SE). XmAb5574 caused a substantial reduction in blood and tissue B cells, whereas anti-CD19 IgG1 was indistinguishable from vehicle. The rank order of depletion was blood Ͼ spleen Ͼ bone marrow Ͼ lymph node. (C) Serum concentrations of XmAb5574 and anti-CD19 IgG1 were measured using an immunoassay and are shown on a log-linear plot (mean Ϯ SD of 4 animals). The half-lives were 11 (Ϯ 1) and 13 (Ϯ 2) days for XmAb5574 and anti-CD19 IgG1, respectively, demonstrating that these antibodies displayed similar exposure and pharmacokinetic properties with the given dosing regimen.
XmAb5574. These results suggest that the enhanced B-cell depletion seen with XmAb5574 is probably the result of its increased affinity for cynomolgus monkey Fc␥Rs compared with non-Fcengineered anti-CD19 IgG1.
XmAb5574-induced B-cell depletion is followed by recovery in blood and lymphoid tissues
The second cynomolgus monkey study evaluated the pharmacodynamic effects of XmAb5574 after a single intravenous infusion at 10 mg/kg (Table 1) . XmAb5574 again caused an immediate and substantial reduction of peripheral B cells, dropping to 22% of predose baseline levels 24 hours after administration and reaching a nadir of 5% on day 15 ( Figure 3A ). This was a more rapid and extensive B-cell depletion than was observed at 3 mg/kg, indicating a dose-dependent effect. Recovery was underway in all 4 remaining monkeys by day 57 (reaching 30% of baseline), and by study end at day 85, peripheral B cells had returned to 78% of baseline levels.
At day 15, extensive depletion of B cells occurred in the bone marrow and lymph node of the XmAb5574-treated cynomolgus monkeys relative to those treated with vehicle ( Figure 3B) . B-cell levels dropped to 18% and 35% of vehicle, respectively, for bone marrow and lymph node, and recovered to 37% and 84% by day 85. Again, the magnitude of B-cell depletion in the tissues was greater than with 3 mg/kg.
Studies using human CD19 transgenic ϩ/Ϫ mice revealed that a single injection of antihuman CD19 caused extensive B-cell depletion and significantly reduced serum IgA, IgG, and IgM levels for more than 10 weeks. 7 We evaluated serum Ig levels during the course of the study and found them unchanged compared with baseline and vehicle-treated cynomolgus monkeys, despite the substantial clearing of peripheral and GC B cells ( Figure 3C for IgG, data not shown for IgA and IgM).
XmAb5574-induced involution in spleen germinal centers is followed by recovery
The GC microenvironment, present in the spleen and lymph nodes, is the main source of memory B cells and plasma cells that produce high-affinity antibodies. Mice deficient in CD19 fail to produce GCs or exhibit a normal immune response after antigen challenge. 42 Consequently, we evaluated the cellular composition and architecture of splenic tissue sections using histology and CD20 immunohistochemistry. XmAb5574 at 10 mg/kg caused a loss of the typical compact cellularity (Figure 4B,D) and CD20 immunostaining ( Figure 4A ,C) in the spleen GCs at day 15, resulting in an involuted morphology. The splenic GC phenotype observed after XmAb5574 treatment was similar to that seen for other B celldepleting antibodies 35 and was consistent with our flow cytometric B-cell depletion results. By day 85, the involuted GCs in the spleen were no longer present, and the morphology and CD20 immunostaining returned to that observed for vehicle-treated controls.
XmAb5574 transiently reduces peripheral blood NK cells concomitant with B-cell clearing
NK cells were enumerated by CD20 Ϫ CD3 Ϫ and CD16 ϩ CD3 Ϫ subset analysis in the cynomolgus monkey studies (Table 1) . Both immunoprofiling methods were needed to validate the results because NK cells have been shown to modulate CD16 (Fc␥RIIIa) expression after antibody engagement. 43 XmAb5574, anti-CD19 IgG1 (both at 3 mg/kg), and vehicle caused a rapid reduction of peripheral blood CD20 Ϫ CD3 Ϫ NK cells (to 37%, 63%, and 57% of individual predose baselines, respectively) 24 hours after administration ( Figure 5A ). Levels returned to baseline after 48 hours in the vehicle-and anti-CD19 IgG1-treated controls. This short-lived drop in NK cells seen in both control groups may represent a stress response to infusion and handling, despite a 3-week predose acclimation period. No B-cell clearing was evident in either control group (Figure 2A) . In contrast, NK-cell reduction was sustained in the XmAb5574-treated animals and did not recover completely until day 15. The observed NK-cell reduction was coincident with the peripheral B-cell depletion induced by XmAb5574 (Figure 2A) . Similar results were seen at the 10 mg/kg dose of XmAb5574 ( Figure 5B ). Peripheral blood CD16 ϩ CD3 Ϫ NK cells were extensively reduced 24 hours after administration (32% of baseline vs 78% for vehicle-treated controls), and this reduction was sustained for a much longer period than the vehicle-treated group, which rapidly recovered to near baseline levels 72 hours after dosing. 
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Again, the maximum fall in peripheral B-cell depletion ( Figure 3A ) occurred during the period of NK-cell reduction. Given that both NK-cell enumeration methods (CD20 Ϫ CD3 Ϫ and CD16 ϩ CD3 Ϫ ) produced equivalent results, these data suggest that NK cells may be involved in XmAb5574-mediated B-cell clearing in cynomolgus monkeys.
Discussion
We have Fc-engineered a humanized anti-CD19 antibody to increase Fc␥R binding affinities with the aim of enhancing its therapeutic activity against B-cell malignancies. The resultant antibody (XmAb5574) and the non-Fc-engineered analog (anti-CD19 IgG1) are critical tools permitting the study of effector cell mechanisms on antibody potency in a highly relevant immune system, the cynomolgus monkey. In summary, we highlight, for the first time, (1) binding affinities of humanized antibodies for cynomolgus monkey Fc␥Rs, (2) direct comparison in cynomolgus monkeys of an Fc-engineered anti-CD19 antibody with increased Fc␥R affinity versus its IgG1 analog, (3) extensive B-cell clearing in cynomolgus monkeys by an unconjugated Fc-engineered anti-CD19 antibody, and (4) the concomitant reduction in peripheral NK cells, suggesting their possible involvement in this B-cell clearing. We hereby propose that Fc engineering is able to enhance effector cell mechanisms and thus improve antibody potency in a highly relevant immune system.
XmAb5574 caused a dose-dependent and reversible clearing of peripheral B cells in cynomolgus monkeys. B cells were depleted more readily in the blood compared with the tissue compartments. This differential effect in blood versus tissues has also been demonstrated with other B cell-depleting antibodies (anti-BR3, anti-CD20, anti-CD40, anti-CD74, and anti-CD154), given the caveats that different agents, dosing regimens, and species of nonhuman primates were used. [33] [34] [35] [36] [37] [38] 41, [44] [45] [46] Importantly, B-cell depletion has not been reported for either of the anti-CD19 antibody drug conjugates evaluated in cynomolgus monkeys. 34, 47 Our anti-CD19 IgG1 was similarly ineffective in cynomolgus monkeys, but Fc engineering the antibody to increase Fc␥R affinity was clearly able to cause almost total B-cell depletion.
Unconjugated therapeutic antibodies generally function through 3 mechanisms: complement-mediated cytotoxicity, cell surface receptor-mediated signaling, and involvement of effector cell functions. Failure to engage any one or a combination of these could explain the poor activity of anti-CD19 IgG1. Anti-CD19 IgG1 binds cynomolgus monkey CD19 equally to XmAb5574; and although we cannot rule out a complement-mediated effect in vivo, both antibodies failed to induce complement activity in vitro, 29 and the S239D/I332E substitutions did not alter the inherent complement activity of other antibodies (J.R.D., unpublished observations, December 1, 2008) . 25 Clearly, the S239D/I332E substitutions in the Fc region are solely responsible for the increased potency of XmAb5574. The importance of Fc␥R affinity in mediating B-cell clearing is supported by anti-CD20 data. Anti-CD20 IgG1 has been reported to effectively clear peripheral B cells in nonhuman primates, whereas anti-CD20 IgG4 has no effect, even though the non-Fc-dependent activities are identical for both antibodies. 45 Because IgG4 and IgG1 differ in their affinity and selectivity profile for human Fc␥Rs, 39 it is highly probable that the B-cell clearing observed with both anti-CD20 IgG1 and XmAb5574 is a Tissue sections were stained either for CD20 (B-cell immunostain) or with hematoxylin and eosin (H&E) for tissue morphology as indicated. The CD20 immunostained area (brown-stained cells) was decreased by XmAb5574 (C) in comparison to vehicle control (A), and this was associated with germinal center involution (B,D). CD20 immunostaining (E) and germinal center morphology (F) had recovered to baseline levels at day 85. For all panels, sections were examined using an Olympus BH-2 microscope equipped with a 60ϫ/0.17 NA objective. Images were captured with a Leica DC300 camera using Image Capture Leica IM50 software and processed with Adobe Photoshop version 6.0. consequence of improved Fc␥R affinity relative to their anti-CD20 IgG4 and anti-CD19 IgG1 analogs.
The inactivity of anti-CD19 IgG1 could also be explained by low antibody exposure. Infusion at 3 mg/kg yielded a maximum serum concentration of approximately 80 g/mL; nevertheless, it is possible that higher or repeated dosing resulting in significantly higher maximum serum concentrations could induce B-cell clearing. In addition, the overall serum concentrationversus-time profiles for XmAb5574 and its IgG1 analog were similar, with no significant differences among the computed pharmacokinetic parameters, demonstrating that Fc engineering of XmAb5574 did not affect the pharmacokinetic properties relative to the nonengineered antibody.
We investigated the effect of anti-CD19 IgG1 and XmAb5574 on cynomolgus monkey serum Ig levels because the requirement for CD19 in B-cell maturation, class switching, positive selection, and differentiation into immunoglobulin secreting plasmablasts and plasma cells has to date only been demonstrated in the mouse. 48 Serum IgG, IgA, and IgM levels were reduced in mice treated with anti-CD19. 7 In contrast, we found no change in these immunoglobulins throughout the course of our 85-day cynomolgus monkey study, despite the substantial XmAb5574-mediated clearing of blood and tissue B cells. Corroborating our data, anti-CD20 treatment of nonhuman primates did not reduce plasma cell levels in secondary lymphoid tissues even in the face of extensive B-cell clearing. 35, 44 The sparing of plasma cells and the preservation of serum Ig levels are a beneficial property and support continued development of XmAb5574.
We observed a transient reduction in CD20 Ϫ CD3 Ϫ and CD16 ϩ CD3 Ϫ cells concomitant with the peripheral B-cell clearing, allowing us to speculate which Fc␥Rs and effector cell type(s) propagate the Fc-dependent functions of XmAb5574. Significant evidence implicates NK cells because of their Fc␥R profile, abundance in peripheral blood, and professional cellular cytotoxicity functions. Unlike other effector cells, such as monocytes and neutrophils, which express a variety of Fc␥Rs, NK cells solely express the activating Fc␥RIIIa. Indeed, XmAb5574 has been engineered to have substantially increased Fc␥RIIIa affinity relative to anti-CD19 IgG1. NK cells outnumber B cells in the human circulation by 3 to 1 49 ; and in our cynomolgus monkey studies, we observed approximately 3 NK cells (CD20 Ϫ CD3 Ϫ ) for every 2 B cells (CD20 ϩ CD3 Ϫ ). In clinical studies, the effectiveness of rituximab was improved by coadministration of recombinant interleukin-2, which has been shown to activate NK cells, enhance NK-cell survival, replenishment, and cytotoxic function, and promote their margination and trafficking from the circulation. [50] [51] [52] In cynomolgus monkeys, rituximab elicited a dose-dependent decrease in CD16 ϩ CD3 Ϫ NK cells in the blood, which correlated with the degree of B-cell clearing. 25 Clinical therapy with rituximab, the anti-HLA-DR antibody apolizumab, or recombinant interleukin-2 also caused a transient reduction of circulating NK cells, 43, 52 and it was suggested that NK-cell activation could lead to their margination and trafficking from the circulation. 52 Similarly, our results showed that the S239D/I332E substitutions in XmAb5574 increased B-cell clearing and induced a more pronounced and prolonged NK-cell drop than the ineffective anti-CD19 IgG1. These and other studies using higher affinity Fc␥RIIIa allele-expressing NK cells demonstrate a positive correlation between antibody affinity for Fc␥RIIIa and enhanced cellular activation, 43, 52, 54 and indicate that increasing Fc␥RIIIa affinity could maximize therapeutic efficacy more than simply elevating doses of antibody. Although we cannot rule out other effector cell types or other antibody-mediated effects, such as complement activation, the correlation between reduced NK-cell levels and the maximal rate of B-cell depletion suggests that NK cells may play a role in XmAb5574-induced peripheral B-cell clearing.
The mechanism of antibody-induced B-cell depletion in the tissues is poorly understood and rarely documented. Tissue B-cell depletion could be affected by antibody exposure, the difference in total B-cell number between the blood and tissue compartments, and the diverse nature of the effector cells present in the tissues. Although we did not measure tissue antibody levels, we expect blood concentrations to be higher than in tissues after direct intravenous infusion. The blood compartment contains approximately 2% of the total lymphocyte pool 55 and is exposed to the greatest concentration of XmAb5574. Our studies showed dosedependent tissue B-cell depletion, and we predict that further increased dose levels or repeat administration would result in even greater tissue B-cell depletion. It is unclear which effector cell types could mediate XmAb5574-induced B-cell depletion in lymphoid tissues because they contain few Fc␥RIIIa-expressing NK cells. 56 Murine studies have revealed an important role for macrophages in antibody-induced cytotoxicity. 57 In cynomolgus monkeys, diverse effector cells, such as macrophages (spleen), Kuppfer cells (liver), and dendritic cells (lymph node), could mediate the depletion. Such effector cells express the full profile of Fc␥Rs. Recently, increased affinity for Fc␥RIIa has been shown to enhance macrophage function. 26 XmAb5574 exhibits increased ADCP in vitro 29 and has enhanced cynomolgus monkey Fc␥RIIa affinity, suggesting it may also have improved effector cell function in the tissue microenvironment. In addition, tissue-dependent effects, such as interaction with the stroma and the presence of B-cell survival factors coupled with the more heterogeneous B-cell population, may negatively impact the sensitivity and susceptibility of tissue B cells to XmAb5574. Alternatively, others have hypothesized that B-cell depletion is an active process in the circulation and that the apparent tissue depletion is a consequence of the inability to replenish B cells from the blood compartment. [58] [59] [60] It is important to note that rituximab, despite its failure to completely clear cynomolgus monkey tissue B cells, continues to be a highly effective treatment for many B-cell malignancies.
Through our studies, we have substantiated a relationship between Fc␥R affinity and B-cell clearing in cynomolgus monkeys. The work validates a rationale and a highly relevant test system to accelerate the development and evaluate the potency of effector function-enhanced immunotherapeutics in preparation for clinical studies. We anticipate that future studies with Fc-engineered antibodies will facilitate the elucidation of effector cell mechanisms and optimize the design of immunotherapeutics with tailored functions.
